Seven cell lines, transformed to a thymidine kinase-positive phenotype with herpes simplex virus type 2 (HSV-2) DNA fragments, have been examined to determine their virus-specific DNA sequence content. The results are consistent with the reported map position of the HSV-2 thymidine kinase gene. Different cell lines contained different amounts of non-selected virus-specific sequences and this correlated with the ability of some cell lines to compensate the deficiencies in some temperature-sensitive (ts) mutants of HSV-1 and HSV-2. The cell lines were also examined for their ability to synthesize elevated levels of thymidine kinase in response to infection with a thymidine kinase-negative virus mutant. Of the seven cell lines, two failed to respond to infection in this way and these cell lines lacked sequences on the upstream side of the kinase gene which were present in the remaining cell lines.
INTRODUCTION
Polypeptide synthesis by herpes simplex virus (HSV) is subject to temporal control and the polypeptides can be approximately grouped into three classes, designated a, fl and 7 by Honess &Roizman (1974) . Temporal regulation is achieved at least in part by transcriptional control mechanisms since several groups have shown that different parts of the virus genome are transcribed at different times after infection (Frenkel & Roizman, 1972; Swanstrom & The HSV thymidine kinase (tk) gene has been classed as a fl-polypeptide (Garfinkle & McAuslan, 1974) and is dependent on a-polypeptide synthesis for its transcription (Preston, 1979; Leung et al., 1980) . Despite this requirement for positive control during lytic infection, the tk gene can be expressed independently of HSV ~-polypeptides both in cells which have been transfected with the isolated gene (Wigler et al., 1977) and in Xenopus oocytes microinjected with the gene (McKnight & Gavis, 1980) . However, cells transfected to a tk + phenotype with the HSV tk gene have been shown to synthesize elevated levels of tk in response to infection by tk-mutants of HSV, a result which has been interpreted to mean that the resident virus gene can be positively controlled by newly synthesized a-polypeptides (Leiden et al., 1976; Kit & Dubbs, 1977) . This view is supported by the finding that group 1-2 mutants do not induce elevated expression of the resident gene at the non-permissive temperature whereas mutants in other groups continue to do so (Kit et aL, 1978) .
The mechanism by which VP 175, perhaps in concert with other ~-polypeptides, exercises positive control over tk gene transcription is unknown, but two simple mechanisms are (i) that VP175 modifies RNA polymerase II to increase recognition of the gene or (ii) that VP175 binds to a sequence close to the gene to increase recognition by RNA polymerase II. The latter proposition is consistent with the finding that VP175 has DNA-binding properties (Wilcox et aL, 1980) . The object of the work described in this paper was to find whether, in cells containing the HSV-2 tk gene, specific virus sequences could be identified whose presence was necessary for the induction of the resident gene by superinfecting virus. We have analysed the virus sequence content of a number of cell lines 'biochemically transformed' with HSV-2 DNA sequences and attempted to correlate the sequence content of these cells with their ability to synthesize elevated levels of kinase in response to infection with tk-virus.
The results are consistent with the proposition that a virus sequence close to the upstream side of the structural gene is required for induction.
METHODS

Cells.
Cell lines D21, D23, D25, D26, D29, H21 and H24 are thymidine kinase-positive lines derived from Ltk-cells by transfection with randomly sheared HSV-2 DNA (cell lines with suffix D) or with HindIII-restricted HSV-2 DNA (cell lines with suffix H). The derivation, maintenance and properties of these cells has been described previously (Minson et al., 1978 (Minson et al., , 1979a .
Restriction enzymes. All restriction enzymes were purchased from Bethesda Research Laboratories (Md., U.S.A.) and digestion conditions were as recommended by the manufacturers. Where double digests were required two enzymes were used simultaneously and digestion conditions were a compromise between the conditions recommended for the individual enzymes. All digestions were performed in threefold enzyme excess.
Blot hybridization. DNA was extracted from tissue culture cells by the methodof Varmus et al. (1973) and restriction digests were subjected to electrophoresis in horizontal agarose gels of suitable strength. The products were transferred to nitrocellulose sheets by the method of Southern (1975) . The filters were washed for 6 h at 70 °C in sealed plastic bags containing 6 × SSC (SSC = 0.15 M-sodium chloride, 0.015 M-sodium citrate), 0.5 % SDS, 100 ag/ml denatured calf thymus DNA, 0.02% Ficoll, 0.02% polyvinyl pyrrolidine, 0.02% bovine serum albumin. The filters were then hybridized with 125I-labelled HSV-2 DNA (Minson et al., 1979b) or 32p-labelled DNA prepared by nick-translation (Rigby et al., 1977) using [ct-32P]dCTP (sp. act. >2000 Ci/mmol; Amersham Corporation). Both types of probe were used at specific activities of 5 x 107 to 2 x 108 d/min//~g. The hybridization conditions were the same as the washing conditions except that SSC was used at x4 concentration and 10% dextran sulphate was included. The hybridization mixture was shaken vigorously throughout and the reaction was allowed to continue for 20 h. Probe molecules were used at a final concentration of 5 x 108 to 109 copies per ml. After hybridization, filters were washed in three changes of the prehybridization buffer, three changes of 1 x SSC, 0.5% SDS and three changes of 0.2 x SSC, 0.5% SDS. All washes were for 20 min at 70 °C in a shaking bath. Where ~25I-labelled probes were used all hybridization and washing buffers contained 2 mM-KI. The washed, dried filters were autoradiographed at -70 °C using intensifying screens.
Thymidine kinase induction assays. Monolayers of 107 cells were infected with HSV-1 strain B2006 at a multiplicity of 4 p.f.u./cell (based on titrations in Ltk-cells). B2006 is a tk-mutant which synthesizes no recognizable thymidine kinase polypeptide or thymidine kinase-related antigen (Buchan et al. 1970; Summers et al., 1975) . The virus was allowed to adsorb for 1 h at 37 °C after which the inoculum was removed and replaced with 10 ml warm medium. At various times after infection the cells from duplicate dishes were harvested, washed with phosphate-buffered saline and stored as frozen pellets at -70 °C. The cell pellets were subsequently suspended in 0.01 M-tris-HCl pH 7-5, disrupted by ultrasonic vibration and assayed for thymidine kinase activity by the method of Klemperer et a l. (1967) .
RESULTS
Virus DNA sequences in transformed cells
Restriction enzyme cleavage sites in the region of HSV-2 DNA containing the tk gene are shown in Fig. 1 . The BamHI sites are taken from Wilkie et al. (1978) , and the more detailed restriction map of the region around 0.3 map units is the unpublished work of G. Reyes & G. Hayward. The position of all sites has been confirmed for the strain of HSV-2 used in this work (strain 25766; this strain was used to derive all the transformed cell lines analysed in this report). The approximate position of the tk gene is also shown; this is based on Reyes et al. (1979) and is consistent with a number of other reports (Minson et al., 1979 b; Leiden et al., 1980; Halliburton et al., 1980; McDougall et al., 1980) . Furthermore, this location of the tk gene is in agreement with the results reported in this paper. By analogy with the HSV-1 tk gene, transcription is from right to left . Determination of the HSV-2 sequences present in transformed cells was attempted by preparing Southern blots of BamHI-digested transformed cell DNA and detecting virus-specific sequences by hybridization with 125I-labelled HSV-2 DNA. The results of such an experiment with DNA from D21 cells and D25 cells are shown in Fig. 2 . These results cannot be unambiguously interpreted because several digestion products of transformed cell DNA co-migrate with multiple species from HSV-2 DNA. However, we have previously shown that D21 cells contain virus sequences derived only from that region of the HSV-2 genome lying between 0.2 and 0-4 map units (Minson et al., 1979 b) . It follows that BamHI fragments a, h, j, 1 and t cannot be present in D2~ cells, and the simplest interpretation is, therefore, that these cells contain fragments b, i, n, r and s. The fragment which co-migrates with 1 is either a chimeric fragment with both virus and non-virus specificities or a new sequence of solely virus specificity which as arisen as a result of rearrangements within the virus insert. By similar reasoning we suppose that D25 cells contain Barn fragments i, r and s. These interpretations are illustrated in Fig. 2 .
This approach was unsuccessful for all other cell lines examined; no virus-specific fragments were detected, suggesting that all other cell lines contain less virus-specific DNA than D21 or D25 cells. To improve the sensitivity of detection similar experiments were performed but the plots were hybridized with a 3ZP-labelled Sail g fragment of HSV-2 DNA cloned in pBR322. This fragment has map coordinates 0.282 to 0.318 and detects BamHI Wilkie et al. (1978) . The sites in the expanded region of the map are the unpublished work of G.
Reyes & G. Hayward. The sequence corresponding to the tk gene is from Reyes et al. (1979) and G. Reyes & G. Hayward (unpublished results) . The leftward limits of the gene are uncertain but can be approximately predicted from the known length of the HSV-1 tk gene (McKnight, 1980) . fragments r, s and n (see Fig. 3 ). The results shown in Fig. 3 confirm in part the results obtained for D21 and D25 cell DNA using the entire HSV-2 genome as probe: D21 cells contain BamHI fragments r, s and n while D25 cells contain r and s. D26 cells also contain fragments r and s but at a lower copy number per cell than D2~ cells. D23 cells do not contain a complete copy of fragments r, s or n, and BamHI digestion yields two fragments, neither of which co-migrate with virus fragments. Experiments with DNA from cell lines D29, H21 and H24 gave similar results to those obtained with D23 DNA. Note that the different intensities of fragments r and s (most clearly seen in the D26 track) result from the different proportions of these fragments which are 'seen' by the probe, and do not imply that these fragments are present at different copy numbers. A detailed analysis of the virus DNA content of seven cell lines was achieved by hybridizing the SalI g fragment to Southern blots of transformed cell DNA digested with various enzymes used singly or in combination. The results of these experiments are shown in Fig. 4 (a to d) and allow the identification in each cell line of virus-specific sites for restriction enzymes BamHI, SaII, KpnI, EeoRI, PvuII and BgIII. Finally, DNA from D26 cells was examined for the presence of virus-specific Cla! sites ( Fig. 4 e) . This is not a complete analysis of the virus-specific inserts in these cell lines since (i) we only identify sequences which can be detected by the SalI g fragment probe and (ii) an insufficient range of restriction enzymes and hybridization probes has been used to analyse the virus-cell junctions and hence establish the organization of virus inserts within cell DNA. Given these limitations the analysis nevertheless establishes the presence or absence of virus-specific sequences in the vicinity of the tk gene, and the overall interpretation of the data is shown in Fig. 5 . The following points are apparent. (1) The results are consistent with previous reports of the location of the HSV-2 tk gene. The minimum virus sequence required to maintain the thymidine kinase-positive phenotype lies within the region defined by the PvuII sites at 0.298 and 0.313 map units.
(2) Different cell lines contain different numbers of copies of virus-specific inserts. Although the copy number cannot be accurately determined from the data, approximate estimates can be made by comparison with the positive control tracks. Thus, D21 cells contain the highest copy and this approaches the number in the reconstruction control (6 to 8 copies/cell). D25 The track marked HSV contains 30/zg Ltk-DNA to which was added 4 ng HSV-2 DNA prior to digestion (approx. equivalent to eight copies of HSV-2 DNA per copy of cell DNA). The diagram illustrates our interpretation of these results: the solid line represents virus-specific sequences present in a particular cell line while the dotted line is a region of uncertainty. Fig. 3 . Detection of virus-specific sequences in BamHl digests of cell DNA using the Sail g fragment as hybridization probe. Experimental conditions were as described in the legend to Fig. 2 except that electrophoresis was for 16 h and 32P-labelled Sail g fragment of HSV-2 was used as a hybridization probe. The diagram shows the position of the Sail g fragment relative to the BamHl sites in HSV-2 DNA (see also Fig. 1 ).
cells contain a lower copy n u m b e r than D21 cells but considerably higher than that found in the remaining cell lines, which appear to contain only one or two copies of the virus insert per cell.
(3) The results of analyses with different enzymes are internally consistent in that a prediction of the extent of a virus insert reached using one combination of enzymes is confirmed using other enzymes. The restriction sites in HSV-2 sequences in the transformed cells are co-linear with sites in D N A from virus particles, and there is therefore no evidence o f deletions or rearrangements within the virus sequences in the transformed cells. The exception is the D21 cell line, which clearly contains more complex inserts than the other cell lines. The data show that D2~ cells contain a virus-specific insert which spans the entire S a l I g fragment. Two lines of evidence, however, suggest that this is not the whole story. Firstly, examination of Fig. 4 (b, c) shows that digestion of D21 D N A with EcoRI and KpnI or with BgIII and KpnI yields, in addition to the expected fragments with the mobility of virus D N A fragments, fragments which are not found in digests of virus DNA. Secondly, it is apparent from several digests of D21 D N A that different virus-specific sequences are present at different copy numbers. In digests with B a m H I + SalI (Fig. 4a) there was a high yield of fragment 2 relative to fragment 3, and in PvulI digests (Fig. 4d ) fragments 4 and 5 were at lower yield than the other fragments. These inconsistencies could be explained either by (i) the presence of a second, smaller, virus insert or (ii) if some of the virus inserts contained rearrangements or amplifications while others did not. Our data do not distinguish these alternatives. We can exclude the possibility that the D21 cell population is heterogeneous, because subclones of D21 cells gave the same results as the parental cells. Given the complexities of the inserts in cell line D21, the interpretation shown in Fig. 5 is clearly a simplification. The same can be said of cell line D2s since this cell line contains multiple copies of virus D N A sequence and our data do not distinguish tandem repeats from multiple inserts. Nevertheless, the important point, for the purposes of this report, is that both cell lines contain Virus inserts which span the entire map region shown in Fig. 5. (4) The virus D N A content of the cell lines is consistent with the ability of some cell lines to support the growth of certain ts mutants of HSV at the non-permissive temperature. D 2 , alone among this group of cell lines, is capable of compensating the defect in ts N102 (Minson et al., 1978) , mutant . Mutants in this group map within coordinates 0.339 to 0.464 on the HSV genome . This is consistent with the finding that D21 cells, unlike the remaining six cell lines studied, contain the entire Barn n and Barn b fragments of HSV-2 DNA (Fig. 2, 3) . Cell lines D21 and D25 complement mutants ts 208 (Minson et al., 1979 a) , a group 2-7 mutant (D. Purifoy, personal communication). The map position of this mutant group is unknown, but ts 208 presumably maps within a sequence common to D21 and D25 cells which is absent from the remaining cell lines. Both D21 and D2~ cells contain Barn fragment i (Fig. 2) , and it is tempting to suppose that ts 208 maps in this region. However, D2~ cells may contain virus sequences which map further leftwards into Barn n than those in cell line H24 (see Fig. 5 ), and ts 208 may therefore map within Bam fragment n.
Induction of the tk activity by superinfection
Reference to Fig. 5 illustrates that we have fortuitously derived a series of cell lines containing widely variable lengths of virus-specific sequence on the upstream side of the tk gene. Experiments were therefore done to find whether the presence or absence of particular upstream sequences could be correlated with the ability of cells to produce elevated levels of tk in response to infection by tk-virus. Cells were infected with HSV-1 strain B2006 and thymidine kinase was assayed at various times after infection. The results are expressed in two ways. Fig. 6 shows the increase in activity per 104 cells at different times after infection. Since different cell lines contain different levels of constitutive activity, the activity in uninfected cells is given a value of zero, and the data give the additional activity resulting from infection. Table I shows the ratio of enzyme activity in 8 h infected cells relative to that found in uninfected cells (activity reached a maximum 8 h after infection and decreased after 12 h). Both methods of presenting the data lead to similar conclusions. H21 cells and D26 cells fail to show a significant increase in activity following infection whereas the remaining five cell lines show a variable but significant increase. 1.0 * Conditions were as described in the legend to Fig. 6 . Cells were harvested at 0 and 8 h after infection and thymidine kinase was assayed. Results are expressed as the enzyme level at 8 h post-infection relative to those at 0 h post-infection.
While DNA mapping studies yielded reproducible results in different experiments using different DNA preparations, thymidine kinase induction experiments gave variable results. Infection of D21 cells or D25 ceils has, on some occasions, resulted in only twofold increases in thymidine kinase activity, while in other experiments increases as high as tenfold have been observed. This variability probably reflects subtle differences in experimental conditions rather than heterogeneity in cell populations because we have never observed a high induction value for D21 cells accompanied by a low value for D25 cells or vice versa. Furthermore, an analysis of six subclones of D25 cells showed that all induced efficiently. D26 and H21 cells have given negative results in all experiments (four experiments with each cell line). Whatever the source of variability in induction experiments it is clear that the induction characteristics of individual cell lines cannot be defined in absolute terms and our interpretation of the data relies on the simultaneous comparison of several cell lines as shown in Fig. 6 and Table 1 .
DISCUSSION
We have defined the HSV-2 DNA sequences present in seven cell lines which contain the virus thymidine kinase gene. The results are entirely consistent with previous estimates of the map position of this gene. All cell lines contain the EcoRI and ClaI sites at approx. 0.312 units and cleavage of either of these sites destroys the tk gene as judged by the transfection assay (Reyes et aL, 1979; Minson et al., 1979b; G. Hayward, personal communication) . Since transcription is from right to left in the orientation shown in Fig. 5 these sites must lie close to the 5' terminus of tk mRNA. Much more detailed information is available for HSV-1 tk gene and we can make use of this information provided we assume that the EcoRI site at 0.312 map units is common to HSV-1 and HSV 2 (Reyes et al., 1979) . McKnight (1980) has shown that the 5' terminus of tk mRNA maps some 80 nucleotides downstream (leftwards in Fig. 5 ) from the EcoRI site. Deletion of sequences within this stretch of 80 nucleotides results in decreased transcription of the tk gene in Xenopus oocytes (McKnight & Gavis, 1980) implying that this sequence is involved in gene recognition by RNA polymerase II. This is consistent with the inactivation of the HSV-1 tk gene by EcoRI cleavage (Wigler et al., 1977; Reyes et al., 1979) , although Kit et al. (1980) have reported successful transfection with sequences lacking this site.
All the cell lines examined in this study contained the EcoRI site at 0-312 map units. While sequences at or downstream from this site may be important in gene recognition by cellular RNA polymerase, it appears that they are not sufficient to allow the induction of elevated levels of enzyme by superinfecting virus since neither D26 cells nor H2~ cells could be induced in this way. These cell lines, alone among those examined, lacked the BgllI site at 0.314 map units, implying that sequences close to this site are required for tk induction and hence that such sequences represent the 'operator' site to which virus regulatory proteins (presumably VP 175) are directed.
We consider this to be the simplest interpretation of the data. However, an alternative explanation is that the proximity of host sequences influences induction, i.e. that where host sequences are closely linked to the upstream side of the tk gene, induction is inhibited. While this is a less satisfying explanation, it does receive some support from the data, since those cell lines which give the greatest induction (D21, D25, H24) contain more upstream virus sequences than cell lines D2~ and D29, which could be regarded as intermediate in their induction characteristics.
Finally, it is possible that the induction of the resident tk gene by superinfecting virus can be influenced by other HSV-2 genes resident in transformed cells. Since our analysis of the virus DNA content of transformed cells detects only sequences which map in the vicinity of the kinase gene, it may be that virus inserts from other parts of the HSV-2 genome are also present, and we cannot, therefore, eliminate this possibility.
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